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The generation of the appropriate types and numbers of mature neurons during the development of the spinal cord requires the careful
coordination of patterning, proliferation, and differentiation. In the dorsal neural tube, this coordination is achieved by the combined action of
multiple ligands of both the Wnt and TGF-h families, and their effectors, such as the bHLH proteins. TGF-h signaling acting through the
BMP receptors is necessary for the generation of several dorsal interneuron types. Other TGF-h ligands expressed in the dorsal neural tube
interact with the Activin receptors, which signal via a different set of SMAD proteins than BMPs. The effects of Activin signaling on the
developing neural tube have not been described. Here we have activated the Activin signal transduction pathway in a cell-autonomous
manner in the developing chick neural tube. We find that a constitutively active Activin receptor promotes differentiation throughout the
neural tube. Although most differentiated cell populations are unaffected by Activin signaling, the number of dorsal interneuron 3 (dI3) cells
is specifically increased. Our data suggest that Activin signaling may promote the formation of the dI3 precursor cells within a region
circumscribed by BMP signaling and that this function is not dependent upon BMP signaling.
D 2005 Elsevier Inc. All rights reserved.Keywords: Activin signaling; BMP signaling; TGF-h; Neural developmentIntroduction
The coordinated activity of several signaling ligands, in
particular the TGFh and Wnt families, is necessary to
generate neurons of the appropriate types and numbers in
the dorsal neural tube. As many as five TGF-h family
members from both the BMP and Activin families are
expressed in the roofplate and dorsal neural tube (Liem et0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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that a gradient of BMP signaling in the dorsal neural tube
was capable of generating several populations of dorsal
interneurons (dI). The constitutive activation of high levels
of the BMP receptors BMPR1A and BMPR1B in the spinal
neural tube expanded dorsal cell types (Panchision et al.,
2001); specifically, dI1 interneurons at the expense of dI2
and dI3 (Timmer et al., 2002). Inhibition of BMP signaling
via expression of the secreted BMP inhibitor Noggin or
conditional inactivation of BMPR1A and BMPR1B resulted
in the loss of dI1 and dI2 cells, indicating that BMP
signaling is necessary for their production (Chesnutt et al.,
2004; Chizhikov and Millen, 2004a,b; Wine-Lee et al.,
2004). TGFh signaling also acts to block the formation of
more medial interneurons (dI4–dI6) in the dorsal part of the
neural tube, possibly via repression of the Lbx1 protein
(Gross et al., 2002; Muller et al., 2002; Timmer et al., 2002).285 (2005) 1 – 10
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the dorsal neural tube, and the dorsal-most interneurons fail
to differentiate. Lbx1 misexpression is also sufficient to
cause dI4–6 formation at the expense of more dorsal cell
types even in the presence of a roofplate. Thus, the
inhibition of Lbx1 by TGFh signaling is essential for the
formation of dorsal interneurons along a BMP gradient.
The connection between BMP signaling and the gen-
eration of specific dorsal cell types appears to be mediated
by bHLH proteins, including cATH1/Math1 NEUROGE-
NIN1 (NGN1), NEUROGENIN2 (NGN2), and cASH1/
Mash1 (Gowan et al., 2001; Timmer et al., 2002). The BMP
signaling gradient in the dorsal neural tube helps set the
boundaries between domains of bHLH protein expression,
and those boundaries are refined by mutual repression
among the bHLH proteins. A single differentiated cell type
arises from the regions of cATH1 (dI1) and NGN1/NGN2
(dI2) expression, and their expression is necessary for the
generation of these cell types (Gowan et al., 2001). In
contrast, three differentiated cell types (dI3–dI5) arise from
the cASH1 expression domain, although overexpression of
Mash1 results in the formation of only dI3 cells (Nakada et
al., 2004). In addition to regulating the generation of mature
interneurons, bHLH proteins promote the differentiation of
progenitor cells into mature neurons (Nakada et al., 2004).
The modulation of bHLH functions in patterning and
differentiation appears to be required in order to generate
the appropriate number and types of dorsal interneurons
(Ebert et al., 2003).
BMP signaling also affects the choice between prolifer-
ation and differentiation via regulation of the Wnt signaling
pathway. The dorsal-most ligands of the Wnt family (Wnt1
and Wnt3) promote the proliferation of neuronal precursors
and inhibit their differentiation (Megason and McMahon,
2002; Zechner et al., 2003). High levels of BMP signaling
expand Wnt1/3 expression, thereby inhibiting the differ-
entiation of mature neurons (Chesnutt et al., 2004). Thus,
BMP signaling regulates patterning and promotes the
expression of factors that promote or inhibit differentiation
of mature interneurons.
BMP signaling, however, is not the only TGF-h signal-
ing pathway expected to be active in the dorsal neural tube.
Ligands such as BMP7, ActivinB, and Dorsalin, which are
expressed in the dorsal neural tube, all have affinity for the
Activin receptors (Liem et al., 1997). While Activin ligands
are dorsally restricted, Activin receptors are expressed
throughout the neural tube (Stern et al., 1995; Verschueren
et al., 1995). As the Activin receptors have different
downstream effector SMADs from the BMPs (SMAD2
and SMAD3 vs. SMAD1 and SMAD5, respectively), their
biological activity is likely to be different. However,
knockouts to date have failed to reveal a clear role for
Activin signaling in the neural tube, due to either pleiotropic
phenotypes or functional redundancy.
In vitro data suggest that BMP and Activin signaling has
overlapping but distinct roles in patterning the dorsal neuraltube (Liem et al., 1995, 1997; Pituello et al., 1995).
Treatment of neural explants with Activin ligands indicated
that Activin signaling could repress Pax6 expression while
promoting the expression of LHX2/9 and Islet1. Although
this is a subset of the activities ascribed to BMP signaling,
there were significant differences in how these genes
responded to different levels of BMP and Activin signaling.
Since those studies, the development of in ovo electro-
poration and the complete identification of differentiated
dorsal cell types allows for a more detailed characterization
of neural patterning in vivo. In the study described here, we
have determined that Activin pathway signaling elicits
different downstream effects than BMP signaling in vivo.
We show that Activin signaling promotes neural differ-
entiation and specifically expands the population of dI3
cells.Materials and methods
Electroporation and gene constructs
Fertilized White Leghorn eggs were obtained from
SPAFAS (Norwich, Connecticut) and incubated at 39-C
until Hamburger–Hamilton (HH) stages 11–14 or 20–21
(Hamburger and Hamilton, 1992). At these stages, con-
structs were injected, along with trypan blue, into the
lumen of the neural tube. Electroporation (EP) was
performed (Muramatsu et al., 1997) using standard
conditions of 3 pulses for 50 ms at 25 V by a BTX square
pulse electroporator. Embryos were incubated for an
additional 24–40 h. Embryos were dissected, fixed in 4%
paraformaldhyde for 1 h, rinsed extensively in PBS,
infiltrated with sucrose, and embedded in OCT for 10 Am
cryosections.
A constitutively active Alk-4 receptor (Chang et al.,
1997) was cloned into pMIWIII (Muramatsu et al., 1997)
(termed caAlk4) or by replacing the GFP gene in pEGFP-
N1 (termed CMV-Alk4). caAlk4 was used at a concen-
tration of 1 Ag/Al except where noted and CMV-Alk4 was
used at 1.5 Ag/Al. pEGFP-N1 (Clonetech) was co-electro-
porated at 0.4 Ag/Al to provide an estimate of the efficiency
of electroporation. All samples described had numerous
GFP+ cells in the region analyzed (the right side of all
figures). Control LacZ electroporations were performed
using the BGZA vector (Yee and Rigby, 1993). Activated
BMPR1B (BMPR) and Noggin constructs have been
described previously (Chesnutt et al., 2004; Timmer et al.,
2002; Zou et al., 1997) and were used at 0.3–0.4 Ag/Al
concentration.
Molecular analysis
Standard methods were used for the detection of
various proteins by immunofluorescence (Yamada et al.,
1993). Monoclonal antibodies to Isl1 (Ericson et al.,
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al., 1997b), and Pax7 (Ericson et al., 1996) were obtained
from the Developmental Studies Hybridoma Bank. The
rabbit polyclonal antibody LH2A/B (Lee et al., 1998) was
kindly provided by T. Jessell. The mouse monoclonal
antibody NeuN was obtained from Chemicon. The rabbit
antibodies to Pax2 (Dressler and Douglass, 1992) were
obtained from Zymed. Rabbit antibodies against Pax3
were kindly provided by M. Goulding. These antibodies
were detected using appropriate secondary antibodies
conjugated to Cy3, FITC, AMCA, or Cy5 (Jackson
Immunoresearch Laboratories, Inc.).
Bromodeoxyuridine (BrdU) assay: 200 Al of BrdU (10
mg/ml in sterile PBS, Sigma) was injected under the amnion
of the chick embryo. The embryo was further incubated for
30–60 min at 39-C before sacrifice. Following standard
fixation, embedding, and sectioning, these sections were
briefly rinsed in PBS. They were incubated at 55-C in 1 N
HCl for 2 min, rinsed in PBS, and then processed by the
standard immunofluorescence protocol using a mouse anti-
BrdU antibody (Roche).
Cell death was assayed by TUNEL labeling following
the manufacturer’s protocol (Roche in situ cell death
detection kits-TMRed). In situ hybridization was performed
as previously described (Holmes and Niswander, 2001). The
following in situ probes were used: cATH1 (Gowan et al.,
2001), Ngn-1 (Perez et al., 1999), cASH1 (Jasoni et al.,
1994).
At least four embryos were examined for each EP
construct at 24 and 40 h and multiple sections were analyzed
for each marker. Cells positive for BrdU, TUNEL, LHX2/9,
dorsal Isl1, dorsal Lhx1/5, and Pax2 were counted
separately for both EP and non-EP sides of the neural tube.
The counts were normalized by dividing the cell number on
the EP side by that on the non-EP side. Four sections each
from four individual samples were used to generate the
averaged counts used in the graphs.Results
Activin receptor activity affects neural gene expression in a
distinct manner from activated BMP receptor
To determine the response of neural cells to Activin
receptor activity, we misexpressed a constitutively active
Activin receptor IB (caAlk4; Chang et al., 1997) in the chick
embryonic spinal neural tube at HH11–14 and assayed the
patterning of the neural progenitor populations 24 and 40 h
following electroporation. We examined the initial dorsal
and ventral division of the neural tube as marked by the
homeodomain transcription factors, Pax6 and Pax3, respec-
tively. Twenty-four hours after caAlk4 electroporation, the
cell autonomous activation of Activin signaling by caAlk4
EP results in a downregulation of Pax6 (Figs. 1A, B) to
intermediate levels similar to those normally seen in thedorsal part of the neural tube. Similarly, Pax3 is also
downregulated at 24 h in response to increased Activin
signaling (Figs. 1C, D). Interestingly, we find that both Pax3
and Pax6 expressions return to normal levels 40 h after
caAlk4 electroporation (Figs. 1E–H). In vitro studies of the
application of Activin B on neural tissue explants revealed a
dose-dependent downregulation of Pax6 but not Pax3
(Pituello et al., 1995). The reason for this discrepancy with
the explant data is unclear, but may be due to the removal of
the explant tissue from the influence of the neural and
surrounding tissues. We also examined the expression of
MSX proteins, which mediate some of the effects of BMP
signaling in the neural tube (Liu et al., 2004). Activation of
the Activin signaling cascade had no effect on the
expression of the MSX proteins (Fig. 1I).
We next examined further subdivision of the dorsal
neural tube by assaying expression of the bHLH genes at 24
h following electroporation. The most dorsal bHLH domain
is marked by the expression of cATH1; this domain is
unaffected after electroporation of caAlk4 (Fig. 1J). In
proliferating cells, Ngn-1 is normally expressed in a small
dorsal domain and a broader domain spanning the ventral
two-thirds of the neural tube. In contrast to cATH1, Ngn-1 is
expanded upon misexpression of caAlk4 and is expressed
throughout the neural tube except for the most dorsal
cATH1 positive domain. (Fig. 1K). Similarly, cASH1 is
misexpressed at high levels in the region between its normal
dorsal and ventral domains of expression (Fig. 1L).
These results following Alk4 activation are in contrast to
the effects of BMPR activation, which leads to expansion of
cATH1 at the expense of the Ngn1 and cASH1 domains.
Similarly, the response of homeobox genes to caAlk4 differs
significantly from their response to BMP signaling, which
activates Msx and Pax3 expression and does not show a
temporal limitation in its repression of Pax6 (Liem et al.,
1995; Timmer et al., 2002). Critically, Activin pathway
activation does not clearly promote expression of either
dorsal or intermediate cell markers, indicating that it does
not have a role in patterning cell fate. Combined, these
differences in the responses to BMP and Activin signaling
indicate that the corresponding ligands have separable
functions during neural development.
Activin receptor activity generates excess dI3 interneurons
We next assayed the six dorsal interneuron populations
40 h after electroporation, at which point the markers of all
dI interneurons are normally expressed, in order to
determine whether the formation of any of these populations
was altered by Activin receptor activity. Dorsal interneurons
dI1 and dI2 marked by LHX2/9 and LHX1/5, respectively,
were unaffected by caAlk4 electroporation (Figs. 2A–C). In
contrast, dorsal interneuron 3, marked by Islet 1 appeared
expanded ventrally (Fig. 2D). Cell counts confirmed that
there were twice as many Islet1 cells compared to the
contralateral side or following control LacZ EP (Fig. 2A). In
Fig. 1. Activated Activin receptor IB alters neural progenitor domains. Electroporation of caAlk4 and GFP into the right side of the neural tube at HH14
followed by analysis of neural progenitor markers 24 and 40 h later. (A–D) Pax6 protein expression is reduced to intermediate levels and Pax3 is also reduced
or eliminated by caAlk4 EP (arrows point to regions of transfected cells as marked by GFP). However, Pax3 and Pax6 expression returns to normal levels at 40
h after caAlk4 electroporation (E–H). MSX protein expression is unaffected by caAlk4 expression (I). cATH1 (J) RNA expression is unaffected by caAlk4
compared to the control left side. However, NGN1 (K) and cASH1 (L) are both expanded (brackets on right side) 24 h after caAlk4 electroporation.
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Mash1 overexpression (Nakada et al., 2004), the increased
generation of dI3 interneurons did not come at the expense
of nearby cell types. Lbx1, a transcription factor expressed
as dI4–6 interneurons differentiate, was unaffected by
caAlk4 electroporation (Fig. 2E). Ventral interneuron
populations like those marked by Pax2 (dI4, dI6) and
Lmx1b (dI5) also appeared unaffected by caAlk4 activity or
by the expansion in Islet 1 expression (Figs. 2A, D, E).
Thus, Activin signaling specifically promotes the formation
of dI3 interneurons without re-specifying the surrounding
cell populations.
Activated BMP receptors were able to generate distinct
responses based on the levels of expression of the construct,indicating that BMPs may create an activity gradient within
the neural tube. No such effect was seen with caAlk4 at
several concentrations tested using the strong pMIWIII
expression vector (0.8–2.0 Ag/Al, Fig. 3A; data for other
markers not shown) or a low-level expression caAlk4
construct driven by the CMV promoter (CMV-Alk4, Fig.
3B). The dI3 population was either expanded or not affected
by varying the strength of the activated Alk4 whereas other
populations were not affected. Thus, these results suggest
that Activin ligands in the neural tube do not function via an
activity gradient.
Although BMP signaling is necessary for the patterning
of the dorsal neural tube and has been found to promote dI3
formation at low levels of activity, dI3 interneurons are still
Fig. 2. Activation of the Activin receptor IB promotes the formation of dI3 interneurons. (A) Graph shows the specificity of dI3 induction by caAlk4. Data were
obtained by counting cells on the electroporated and unelectroporated side individually. These counts were normalized for stage differences by dividing the
electroporated count by the unelectroporated (control-side) count, and compared to the normalized counts in samples electroporated with a h-gal expression
construct. (B–E). Electroporation of caAlk4 and GFP into the right side of the neural tube at HH14 and 40 h later dorsal interneuron markers were monitored.
LHX2/9 (dI1) (B) and LHX1/5 (dI2) (C) appear unaltered by caAlk4 EP compared to the left control side. (D) Islet1 (dI3) is expanded ventrally (white bracket)
from its normal domain following caAlk4 EP compared to the contralateral control side. Pax2 (dI4, dI6) (D), Lmx1b (dI5) (E), and Lbx1 (E) are unaltered by
caAlk4 EP.
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sion of Noggin, a soluble BMP antagonist (Chizhikov and
Millen, 2004a; Chesnutt et al., 2004) or by conditional
inactivation of the BMP receptors (Wine-Lee et al., 2004).
We sought to test whether Activin signaling requires normal
BMP activity to induce dI3 cell by coelectroporating
caAlk4 with Noggin. We found that coelectroporation of
caAlk4 and Noggin results in expansion of Islet1 positive,
dI3 cells similar to that seen with caAlk4 alone. This was
true even when Noggin expression eliminated the roofplate
and dI3 neurons were generated at the apex of the neural
tube (Fig. 3C; unelectroporated side mean Isl1+ cells = 8,
SD = 3; electroporated side mean Isl1+ cells = 20, SD = 7).
This indicates that the effect of caAlk4 on dI3 interneuronsdoes not require normal levels of BMP activity. Thus,
activated Activin receptor may act independently of BMP
activity to induce dI3 differentiation in the dorsal neural
tube, consistent with previous indications that BMPs and
Activin have separable roles in dorsal neural patterning and
differentiation.
Activin signaling promotes neural differentiation
As the additional dI3 interneurons did not result from the
re-patterning of surrounding cell types, we sought to
determine whether they were produced through changes in
cell viability and proliferation or through accelerated or
increased differentiation. Twenty-four hours following
Fig. 3. Activin receptor activity is distinct from and does not require BMP activity. Levels of caAlk4 expression do not result in changes in the response to
Activin pathway activity. Expression of several concentrations of caAlk4 construct (A and data not shown) did not result in a qualitatively different response,
while use of a low expression promoter (B) elicited no or a minimal change in the Isl1 population. (C) Coelectroporation of caAlk4 and Noggin, a secreted
BMP inhibitor at HH14 into the right side of the chick neural tube assayed at 40 h. Arrow indicates the dorsal midline. The roofplate is lost in this sample due to
loss of BMP signaling (Chesnutt et al., 2004), yet the Isl1 population is still expanded on the electroporated side, even in the presence of Noggin.
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apoptosis or proliferation (Figs. 4A, B—count of cells in C).
We did, however, find a striking change in neuronal
differentiation. Twenty-four hours after electroporation of
caAlk4, neuronal differentiation was assayed using N beta-
tubulin (TUJ1) as a marker of differentiated neurons. In
regions of extensive caAlk4 transfection, TUJ1 is expressed
ectopically (Figs. 4D–F). Moreover, TUJ1 was observed in
an extreme position in the medial part of the neural tube, the
ventricular zone, which normally contains the least differ-
entiated neural cells. TUJ1 misexpression was also found in
ventral cells (data not shown), indicating that this response
to Activin pathway activation is not restricted along the
dorso-ventral axis. We also examined NeuN, another marker
of differentiated neurons. No significant change in NeuN
expression was visible at 24 h. By 40 h, however, an excess
of NeuN expressing cells was visible on the electroporated
side, and NeuN+ cells in more medial positions were
associated with GFP expression (Figs. 4G, H), although
misexpression was never detected in the most medial
ventricular zone cells. Cell counts indicated that, dorsal to
the large population of differentiated motorneurons, there
were approximately 1.4 times as many NeuN expressing
cells on the electroporated side (SD = 0.20). Thus, caAlk4
promotes neuronal differentiation without affecting the
overall proliferation status of the spinal neural tube. This
is consistent with the upregulation of bHLH proteins such as
cASH1, which promotes neural differentiation (Nakada
et al., 2004).
We also examined markers of differentiated cells at
early time points (HH ¨20) in order to determine whether
Activin activity was capable of inducing premature
differentiation (Fig. 4I and data not shown). We found
that the dI3 marker Islet1 is prematurely expressed in the
dorsal neural tube (Fig. 4I) at a time when dI3
interneurons are not yet present on the control side of
the neural tube, indicating that caAlk4 induces precocious
differentiation of dI3 interneurons (cells marked by Pax2and LHX1/5 were unaffected). Overall, our caAlk4 data
suggest that the large excess of dI3 interneurons is due
both to the promotion of their early differentiation and to
the continued promotion of the adoption of dI3 fate as
cells differentiate.Discussion
Here, we examined the effects of an activated Activin
receptor IB (caAlk4) on the development of chick
embryonic spinal neural cell types in vivo. We find that
Activin receptor activity can promote the differentiation of
neuronal precursors throughout the dorsal–ventral axis. In
the intermediate and ventral neural tube, these precursors
differentiate into neuronal classes that are appropriate for
their dorsal–ventral location, indicating that Activin path-
way activation is not capable of overriding the endogenous
patterning mechanisms in these regions. In the dorsal
neural tube, where Activin ligands are expressed, caAlk4
causes the preferential expansion of dI3 interneurons
without altering the generation of other dorsal cell types.
The effects of caALK4 are distinct from those elicited by
an activated BMP receptor or by BMP signaling (Liem et
al., 1995, 1997; Panchision et al., 2001; Timmer et al.,
2002). Of the 12 patterning genes examined here, only
three responded to both types of signaling and their
responses differed in critical ways, indicating that Activin
and BMP signaling cascades elicit distinct responses in
neural cells.
Activin receptor activity promotes precocious neural
differentiation
Our data indicate that signaling via Activin receptor IB
promotes the premature differentiation of neural cells.
Activin signaling results in the expression of TUJ1, a
marker of differentiated neurons, in even the least differ-
Fig. 4. Activated Activin receptor IB promotes differentiation and precocious Isl1 expression. TUNEL (A) and BrdU (B) assays at 24 h indicate that there is no
alteration of cell death or proliferation compared to control LacZ injections (data graphically summarized in panel C). (D–F) Twenty-four hours after caAlk4
electroporation, N-beta-tubulin (TUJ1) expressing cells appear ectopically on the electroporated side in GFP positive cells. Bar denotes area of extensive
transfection resulting in TUJ1 positive cells in the ventricular zone. (G, H) Activin signaling generates excess NeuN expressing cells 40 h following
electroporation. Arrowheads point to cells expressing NeuN at more medial positions. The inset shows that these cells express GFP, indicating that they have
been transfected with caAlk4. (I) Islet1+ dI3 cells (green fluorescence) are generated prematurely on the electroporated side of caAlk4 samples 24 h post-
electroporation (bracket).
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cells marked by NeuN are also present in excess in
embryos expressing this construct. In addition, electro-
poration of the activated Activin receptor results in the
premature differentiation of dI3 interneurons at a time when
no Isl1 positive neurons are present on the unelectroporated
side. Finally, markers of proliferating immature cells, the
Pax genes, are reduced by Activin receptor activity. Our in
vivo experiments, although consistent with the previously
described inhibition of Pax6 gene expression in explants
(Pituello et al., 1995), indicate that the Pax gene repressioninduced by caAlk4 transfection is transient. We propose
that the reduction of Pax expression occurs in those cells
that are induced to differentiate by caAlk4 misexpression.
Their exit from the zone of Pax expression upon differ-
entiation results in the re-establishment of a uniform field
of Pax expression in the proliferating neural precursors by
40 h after electroporation.
It is interesting to note the clear difference between
Activin receptor driven TUJ1 expression, which occurs
across the medial–lateral axis of the neural tube, and the
expression of other markers of differentiated cells, such as
J. Timmer et al. / Developmental Biology 285 (2005) 1–108NeuN and Isl-1, which are expanded and prematurely
expressed but not detected in the ventricular zone. This
suggests that the completion of the differentiation process is
not required for TUJ1 expression and, by extension, that
TUJ1 may not be the most accurate indicator of differ-
entiated cells. It is also possible, however, that Activin
signaling does not regulate all aspects of differentiation
equally, as has been seen in the differential regulation of cell
cycle exit and marker expression by the Ebf proteins
(Garcia-Dominguez et al., 2003).
The promotion of differentiation by Activin pathway
activation does not appear to disrupt the normal mecha-
nisms that balance differentiation and proliferation within
the total population of neural precursors. BrdU incorpo-
ration suggests that construct expression does not reduce
the number of proliferating cells. Cell counts also confirm
that most dorsal cell types are generated in the appropriate
numbers. These results indicate that, while Activin path-
way activation promotes the differentiation of individual
transfected cells, the precocious differentiation of these
cells does not change the rate of differentiation within the
total population of neural precursors. Similar results have
been generated by overexpression of the neurogenic bHLH
proteins (Ebert et al., 2003; Nakada et al., 2004; Novitch et
al., 2001). Thus, the expanded expression of bHLH genes
in response to caAlk4 we have shown here may be part of
the mechanism by which Activin receptor signaling
promotes differentiation while maintaining a normal
progenitor population. Although the clear association of
excess differentiation with transfection (see Figs. 4D–H)
suggests that Activin pathway activation promotes differ-
entiation in a cell autonomous manner, we cannot rule out
the possibility of non-autonomous effects due to short
range signaling downstream of caAlk4.
Activin signaling and neural patterning
Our data suggest that Activin pathway activity does not
significantly affect patterning of the neural tube. Although
ectopic TUJ1 expression in response to caAlk-4 was
detected throughout the dorsal–ventral axis of the neural
tube, only a single differentiated cell type, the Islet-1
expressing dI3’s, was expanded by Activin. This expansion
was also limited to the dorsal neural tube, and the
additional dI3 interneurons were not accompanied by the
loss of nearby neural cell types, such as has been seen
when patterning is altered by BMPR signaling or SHH.
BMP and SHH from the dorsal and ventral neural tube,
respectively, have been proposed to pattern cells in a
concentration-dependent manner. The Activin pathway,
however, does not appear to act in a similar manner.
Changing levels of activated Alk4 expression through
changes in construct concentration or promoter level only
affected the dI3 population. Although we cannot rule out
the possibility that an untested level of construct expres-
sion could generate a different result, our data suggest thatActivin signaling does not appear to function via an
activity gradient.
We have found that only dI3 interneurons, which are
normally generated from the dorsal most region of cASH1
expressing cells, are specifically generated in increased
numbers in response to caAlk4 signaling. The region of
excess dI3 generation appears to encompass the entire
cASH1 expression domain (no dI3 cells were seen dorsal to
their normal region of generation), which normally
produces several types of interneurons. Our results are
consistent with previous studies that have shown that
Mash1 mixexpression results in the formation of ectopic
dI3 interneurons (Nakada et al., 2004). In contrast to
Mash1 misexpression, which results in the loss of
surrounding cell types, caAlk4 expression does not
interfere with the generation of other dorsal interneurons,
indicating that cASH1 is not the sole mediator of its effects.
We can suggest two reasons for the specificity of Activin
pathway activation. caAlk4 also promotes NGN1 expres-
sion, which would be expected to generate excess dI2
interneurons (Gowan et al., 2001). As the dorsal bHLH
proteins inter-regulate, it is possible that the upregulation of
both NGN1 and cASH1 in response to caAlk4 limits its
effects to the dI3 interneurons. For similar reasons, the
ectopic activation of NGN1 may not result in excess
production of dI2 cells when coupled with cASH1
activation. In addition, dI3 interneurons form only in the
cASH1 domain where Lbx1 is not expressed (Gross et al.,
2002; Muller et al., 2002). Our results show that caAlk4
signaling does not affect Lbx1 expression. Thus, by
increasing cASH1 expression without affecting Lbx1,
Activin pathway activity preferentially promotes the differ-
entiation of dI3 interneurons.
Due to the intermingling of dI3 cells with nearby cell
types during their ventral migration, it is difficult to
determine whether the additional dI3 cells in caAlk4
samples resulted from differentiation of dI3 cells from
other precursor populations or from excess differentiation
exclusively from the precursor cell population which
normally generates these cells. The presence of some dI3
interneurons outside the normal path of migration however
(see Fig. 3B), suggests at least some may arise from
regions other than the dI3 progenitor domain, although the
ectopic dI3 generation does not significantly change the
overall number of dI interneurons arising from other
domains.
The limited effect of ectopic Activin pathway activation
suggests that Activin’s activity is circumscribed by other
patterning signals. caAlk4 has no effect on cell type
specification ventrally, where a Shh gradient controls cell
identity (Briscoe et al., 2000; Ericson et al., 1997a,b). In the
dorsal neural tube, BMP signaling normally prevents the
dorsal generation of dI3 interneurons (Lee et al., 2000;
Timmer et al., 2002). This remains true when caAlk4 is
expressed in a neural tube with normal BMP signaling, as
dI3 generation expands only ventrally. The generation of
J. Timmer et al. / Developmental Biology 285 (2005) 1–10 9dI3 cells, however, does not appear to require BMP
signaling. When BMP signaling is inhibited via Noggin
expression, which leads to a loss of dI1 and dI2 populations,
cASH1 expression expands dorsally and dI3 interneurons
are generated at the dorsal apex of the neural tube
(Chizhikov and Millen, 2004a; Chesnutt et al., 2004). Our
results here show that Activin pathway activation is able to
expand dI3 production even when BMP signaling is blocked
by Noggin misexpression. Although we cannot eliminate
the possibility that there is residual BMP signaling from
ligands that are not bound efficiently by Noggin, the
absence of a roofplate in these samples indicates that any
such signaling is minimal. This is consistent with both the
loss of roofplate in dreher mutant mice and the conditional
inactivation of BMPR-IA and BMPR-IB, both of which
result in the reduction or loss of dI1 and dI2, but not dI3
interneurons (Millonig et al., 2000; Wine-Lee et al., 2004).
Combined, the data suggest that the ablation of the roofplate
(Lee et al., 2000), which eliminates several dorsal cell types
including dI3 interneurons, produces this effect by eliminat-
ing both BMP and Activin signaling.
The data presented here clarify the role of Activin
signaling in the process of neural tube development.
Previous experiments using explants had predicted some
of these results (Liem et al., 1997; Pituello et al., 1995), but
differ in substantial ways. Explant experiments typically
rely on culture times >24 h and they entail the removal of
the neural cells from signals generated by surrounding
tissues. Explants also disrupt the native structure of the
developing neural tube and as a result, the response of
individual cell types cannot be examined in relation to those
of their neighbors. Thus, the experiments reported here
provide a more relevant context to examine the role of
Activin signaling in vivo.
Our data indicate that Activin signaling may act to
counterbalance the affects of two other families of dorsally
expressed ligands, the BMPs and the Wnts, on patterning
and differentiation, respectively. The dorsally expressed
Wnt ligands inhibit differentiation (Megason and McMa-
hon, 2002; Zechner et al., 2003), and thus have the
opposite effect from dorsally expressed Activin ligands.
The dorsal interneuron populations described here form
within a time window between neural tube closure and a
dorsal expansion of cASH1 and Lbx1 that begins approx-
imately 48 h later and results in the production of distinct
populations of interneurons, the dLs (Gross et al., 2002;
Muller et al., 2002). Thus, the promotion of differentiation
by Activin signaling may be necessary to counteract the
effects of Wnt signaling and ensure the generation of
sufficient numbers of dI-type interneurons before the
transition to dL interneuron generation. BMP signaling
acts to repress cASH1 expression. The ability of Activin
signaling to promote cASH1 expression in the presence of
BMP signaling may be necessary for the production of dI3
interneurons, the most dorsal cells derived from the cASH1
expression domain.Acknowledgments
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